The hole transport properties of gallium antimonide with various degrees of tellurium compensation have been investigated in the temperature range of 4.2-300 K. For the undoped GaSb, the p-type conductivity arises from a doubly ionizable native defect V Ga Ga Sb . In the Te compensated samples, apart from the Te-donor level and the V Ga Ga Sb center, an acceptor level resulting from complexation of V Ga Ga Sb with Te Sb has been found. This acceptor level lies ϳ70 meV above the valence band edge. The concentration of this center depends on the melt composition and the level of Te present in the melt during growth of crystals. Most interestingly, at very low level of Te concentration, an additional triple native acceptor ͑V Ga Ga Sb V Ga ͒ has also been observed. With the increase in Te concentration, the mobility decreases and a shift in the mobility peak to higher temperature is observed. The low-temperature mobility is limited by ionized impurity scattering. At higher temperatures, the scattering mechanisms depend on Te concentration in the sample. In this regime, significant contributions from acoustic, nonpolar optical, and polar optical phonon scattering are observed for samples with low levels of Te. In contrast, the impurity scattering dominates even at room temperature for highly compensated crystals.
I. INTRODUCTION
The transport properties of GaSb has been the subject of investigation for the past three decades. This is because of some special features of its band structure. Numerous investigators have explained their Hall data on n-GaSb by considering the effects of relatively low lying subsidiary conduction band minima. 1 There are, however, other peculiarities in the electrical properties of n-GaSb occurring at lower doping levels which do not appear to be result of two-band conduction. For example, the mobility at low temperatures is observed to increase monotonically with increasing electron concentration for Te-doped GaSb.
2 Also, the diffusion of lithium into Te-doped material has resulted in significantly increased electron mobilities coupled with modest increase in electron concentration. 3, 4 Long and Hager 5 in their investigation of near resonance scattering in GaSb at low temperatures, pointed out the basic importance of compensation in GaSb in regard to the observed increase in mobility with electron concentration. This behavior was in contrast to that found in n-type GaAs and InAs, where compensation was significantly lower. 6 Later, Baxter et al. 7 illustrated the effect of compensation on Coulomb scattering from the wellknown Brooks-Herring treatment. 8 The ionized impurity mobility is directly proportional to f (n), where f (n) is in general an increasing function of carrier concentration n and inversely proportional to N I , the ionized impurity concentration. In the absence of compensation, N I is equal to n. However, with high concentration of compensating centers, N I varies much slower with n and the variation of mobility is entirely controlled through f (n) and hence the mobility increases with n. Further, to fit the mobility data for low electron concentrations, the required hole concentration is two to three times more than that observed in undoped GaSb. 7 Baxter et al. 7 have explained this with the double ionizable nature of the native defect. The higher hole concentration needed to fit the data arises from a deep lying acceptor level which is not appreciably ionized at room temperature in the undoped samples. Such a level would, of course, be completely ionized in n-type material and account for the apparently high estimates for the compensating acceptors. Johnson et al. 9 suggested the following alternative which is consistent with luminescence 10 and Hall data. Incorporation of donor dopant, Te is accompanied by the formation of an additional acceptor state. According to the mobility analysis, the concentration of these additional acceptors should be such that the total acceptor concentration remains fixed at about 3ϫ10 17 cm
Ϫ3
. This would require that the incorporation of Te should introduce ϳ1-2ϫ10 17 cm Ϫ3 acceptors, independent of the Te content. More recently, Johnson and co-workers 11 studied the effect of compensation in p-GaSb epilayers grown by molecular beam epitaxy ͑MBE͒. They found that the layers with the lowest residual acceptor concentrations are not those which display the highest hole mobility. To completely understand the role of doubly ionizable acceptor in GaSb, the information from the deeper singly ionized level ͑V Ga Ga Sb ͒ Ϫ is necessary. 12 Several workers have adopted the approach of compensating the crystals with Te to shift the Fermi level towards the conduction band and hence observe the deeper level. But as evidenced from luminescence measurements, Te doping introduces an acceptor level near the singly ionized state of the native defect, which is then confused with the energy levels of the native acceptor. [13] [14] [15] [16] [17] The present work aims to clarify these anomalies paying special attention to the behavior of the deeper a͒ Author to whom all correspondence should be addressed; Electronic mail: hlbhat@physics.iisc.ernet.in energy levels. A plausible explanation which accounts for the apparently high compensating acceptor needed to fit Hall data of n-GaSb, within the framework of Hall and photoluminescence ͑PL͒ data presented here and consistent with the observations by other workers is discussed.
II. EXPERIMENTAL DETAILS
Single-crystal substrates of undoped and Tecompensated p-GaSb used for our studies were grown by the vertical Bridgman technique. 18 Various degrees of Te compensation were obtained by repeated dilution process. Initially, Te-doped n-GaSb crystals were grown with the carrier concentration ϳ10 17 cm
Ϫ3
. Then, a small weighed quantity of Te-doped n-GaSb ingot was added to fresh charge of undoped GaSb for the next growth run. This dilution procedure was repeated for successive growth experiments till the required level of net acceptor concentration was obtained. Crystals with Te concentration as low as 10 15 cm Ϫ3 could be grown in a highly controlled manner by repeating this dilution process five to six times.
The PL measurements were carried out using MIDAC Fourier transform photoluminescence spectrometer. An argon ion laser operating at 5145 Å was used as the excitation source with excitation level of 166 mW/cm 2 . Liquidnitrogen-cooled germanium photodetector was employed for signal detection. A resolution of 0.5 meV was used in our measurements. All the spectra were recorded at 4.2 K by freely suspending the samples in liquid He.
Hall measurements were carried out in a commercial JA-NIS Supervaritemp magnet cryostat which can be operated to a magnetic field of 7 T and cooled down to a temperature of 1.3 K. The temperature was measured by a platinum sensor from 300 to 40 K and by a carbon glass sensor below 40 K and was controlled by a homemade temperature controller. The details of the experimental setup are given elsewhere. 19 The ohmic contacts to the samples were provided by either indium or conducting silver paste. A constant dc current was passed by a Keithley 220 constant current source. The voltage across the sample was measured using a Keithley 195A digital multimeter. Prior to Hall measurements at all temperatures, the ohmic behavior of the contacts was verified.
III. RESULTS AND DISCUSSION

A. Photoluminescence spectra
In general, it is difficult to determine reliably the spectrum of defect levels from the Hall data alone. The problem for GaSb is further complicated by the fact that there is no exhaustion region where the electron population of the impurities remains constant while the Fermi level varies with temperature. This necessitates the employment of luminescence experiments to complement the Hall data. With this motivation, PL spectroscopy experiments were carried out. The PL spectra of Te-compensated p-GaSb at 4.2 K with net acceptor concentrations of 3.4ϫ10 16 cm Ϫ3 ͑spectrum ii͒ and 1.5ϫ10 16 cm Ϫ3 ͑spectrum iii͒ p-GaSb at 4.2 K are shown in Fig. 1 . For the sake of comparison, the PL spectra of the undoped p-GaSb ͑spectrum i͒ and Te-doped n-GaSb samples ͑spectrum iv͒ are also included. The origins of various PL transitions in GaSb have already been discussed previously by us in detail. 20 In this article, we would like to point out certain additional interesting features which are observed in the compensated samples at very low Te concentrations. Referring to the spectrum ͑ii͒ in the figure, the dominant transition occurs at 757 meV with a shoulder at 740 meV and a peak at 777 meV. The peak at 777 meV corresponds to the neutral state of the doubly ionizable native acceptor. The 740 meV transition has been found to be intrinsic to Te. The peak at 757 meV has been attributed to a triple native defect ͑V Ga Ga Sb V Ga ͒ Ϫ . 21 The most interesting thing to be pointed out is that it appears only in the lightly compensated samples. Several workers have observed this level in undoped samples also. 22, 23 With moderate level of Te concentration, the 757 meV transition quenches and the intensity of the 740 meV peak increases with a shoulder at 710 meV. The 710 meV corresponds to the singly ionized state of the doubly ionizable native acceptor. Moreover, the 777 meV peak is replaced by a sharp bound exciton transition at 795 meV. The 795 meV peak has been previously observed by Woelk and Benz 22 in liquid phase epitaxy ͑LPE͒-grown GaSb. This peak has been found to be dominant under reduced native defect concentration. The appearance of this peak in the PL spectrum of our bulk crystal is because of the attainment of very low concentration of Te which reduces the native defect concentration. With further increase in Te concentration, the 740 meV peak broadens and the intensity of the 710 meV peak decreases. The PL spectrum of the n-type samples do not exhibit the 710 meV peak ͑spectrum iv͒. 20 The same holds true for the heavily compensated p-type samples. These facts cannot be explained by assuming that Te incorporation simply introduces a donor level near the conduction band edge and raises the Fermi level due to which the ionized state of the native acceptor is seen. We suggest that the Te donor which is a Te Sb center complexes with V Ga Ga Sb center to give the V Ga Ga Sb Te Sb acceptor level seen at 740 meV as follows:
The concentration of this complex depends on the melt composition ͑which varies the concentration of V Ga Ga Sb ͒ and the doping level of Te. The formation of V Ga Ga Sb Te Sb complex would reduce the concentration of ͑V Ga Ga Sb ͒ Ϫ and hence the intensity of the 710 meV peak. These observations imply that the interpretation of Hall data should be carried out in terms of three acceptor levels with a compensating donor for the Te-compensated samples. For the undoped GaSb samples, two acceptors ͑corresponding to neutral and singly ionized charge states of the native acceptor͒ and a compensating donor ͑unintentionally present in the crystal͒ should be employed. The Te-doped n-GaSb can very well be represented by the Te donors compensated by V Ga Ga Sb Te Sb acceptors. In passing, we would like to emphasize that since the various levels responsible for conduction in GaSb are also optically active, it is worthwhile to carry out luminescence experiments for unambiguous interpretation of Hall data. Figure 2 shows plots of the temperature dependence of hall coefficient. In order to evaluate the thermal activation energy for the acceptor levels, the electroneutrality equation has to be solved.
B. Carrier concentration and mobility analyses
For the undoped samples, with the double acceptor and a compensating donor ͑unintentional͒, we have
where p is the concentration of free holes in the valence band, N A1 and N A2 are the concentrations of the two acceptor levels with energy levels at E A1 and E A2 , respectively. g A1 and g A2 are the degeneracy factors of the two acceptor levels. N D is the concentration of the compensating unintentional donor. It is assumed that all donors are ionized owing to compensation. Similarly, for the Te compensated samples with moderate doping levels, with three acceptors and a compensating donor ͑Te͒, we have
Here N A3 is the concentration of the V Ga Ga Sb Te Sb center with energy level at E A3 and degeneracy of g A3 . N D is the concentration of the Te donor level. The values of E A1 , E A2 , and E A3 , have been taken as 31.2, 102, and 72 meV respectively from our above PL data. Due to ambiguity in the degeneracy factors encountered by previous workers, 12 the values of g A1 , g A2 , and g A3 have been assumed to be equal to 4. 24 The unknown quantities N A 's, N D and E F were varied until a good least-squares fit to the experimental Hall data was obtained. For the best fits the concentrations of various centers in different samples are given in Table I . As can be seen from the table, with increase in Te concentration, the N D as well as N A3 increase. However, the variation in N D is more compared to N A3 . At the same time, the N A2 decreases. At high doping levels, the N A1 level quenches and the Hall data can be fitted well by a single acceptor level V Ga Ga Sb Te Sb . These observations are consistent with the PL results discussed above. The overall decrease in the hole concentration with increase in Te concentration is thus understood. Moreover, the acceptor concentration N A1 remains almost constant irrespective of the Te content. This further justifies the concept of complex forma- tion mentioned above. Furthermore, the apparent high concentration of compensating acceptors seen in n-GaSb samples previously by other workers is consistent with the fact that the Te-related acceptor lies nearer to the valence band edge than the singly ionized state of the native defect and hence it is ionized even at low temperatures.
Referring to Fig. 2 , it can be seen that for the undoped samples, there are two distinct regions with a noticeable change in gradient at Ϸ40 K. No such sudden change in gradient is observed for the Te-compensated samples and the slope varies continuously. The activation energies determined for the undoped samples are 30 and 120 meV, close to the values usually obtained for different charge states of doubly ionizable native acceptor. On the other hand, for the heavily Te-compensated sample, the activation energy was evaluated to be 70 meV. These activation energies correlate well with PL transitions seen in these samples. The temperature dependence of Fermi levels for the undoped sample and a Te-compensated sample as calculated from the above electrical neutrality equations is shown in Fig. 3 . This will be used in the mobility calculation at various temperatures as discussed in the next section.
The hole mobility ( H ) as a function of temperature for various samples is shown in Fig. 4 . In general, the undoped samples show higher peak mobility than the Te-compensated ones. For the undoped samples, H peaks around 45 K. Further, the crystals grown from nonstoichiometric melts ͑Ga rich and Sb rich͒ show higher mobilities than those grown from stoichiometric melt. Nevertheless, the trend of mobility variation remains same for all the undoped samples. In the higher-temperature range, these samples exhibit a T Ϫ1.4 dependence characteristic of phonon scattering. On the other hand, the Te-compensated samples show peak mobilities at temperatures higher than those observed for the undoped samples. At high temperatures, these samples do not show a temperature dependence characteristic of phonon scattering. Moreover, there is a shift in peak mobility towards higher temperature with increase in Te concentration of the samples, indicating that the mobility is limited by impurity scattering even at high temperatures. The dominant scattering mechanisms at various temperatures for the undoped and Te-compensated samples will be discussed below in detail.
C. Scattering mechanisms
In p-GaSb, owing to the close proximity of the heavyand light-hole bands, intervalley and intravalley scatterings occur. Thus the contributions from both the light-hole and heavy-hole bands to various transport properties should be taken into account. 25, 26 For nondegenerate statistics, the hole concentration is given by
where p 1 and p 2 are the hole concentrations in the light-and heavy-hole bands, respectively. ⌬E is the energy separation between the heavy-and light-hole band maxima, m d1 and m d2 are the equivalent density of states effective masses of light and heavy holes, respectively. The valence band structure of III-V compounds is usually taken to be similar to the nonquadratic warped sphere model proposed by Dresselhaus et al. 27 for Ge and Si. However, Robert et al. 28 have concluded that a multiellipsoidal model provides a better account of the experimental Halleffect and magnetoresistance measurements at 77 K. It has been pointed out by Kolodziejczak et al. 29 that 100Ͼ(⌬E/ kT)Ͼ0.1 is the transition region between the ellipsoidal and warped sphere regions. For GaSb with ⌬EϷ20 meV, the temperature range 77-300 K is in the transition region in which the effective mass of the heavy holes varies with temperature. Therefore, we have used the temperature dependent heavy hole density of states mass ͑see Fig. 5͒ calculated by Kolodziejczak et al. 29 starting from Kane's theory. 30 In p-type III-V compounds, the dominant factors limiting mobility have been found to be acoustic, nonpolar, and polar optical phonons and ionized impurity scatterings. 31, 32 The relaxation times for acoustic ͑ AC ͒, 31 nonpolar ͑ NPO ͒, 31 and polar ͑ PO ͒ 31 optical phonons and ionized impurity ͑ ION ͒ 33 scattering are given below:
where is the density, ū is the average speed of sound in the material, and ប 0 is the optical phonon energy. The number of optical phonons is
Here ϭប 0 /k is the optical phonon Debye temperature and k is the Boltzmann constant. E AC and E NPO are the deformation potentials for acoustic and nonpolar scattering and m d is the density of states mass.
where
where e is the electronic charge, ϱ and s are the highfrequency and static dielectric constants, respectively. (/ T) is a slow varying function which modifies the expression to take into account the p-like wave functions appropriate for holes.
where p*ϭ p 1 ϩ p 2 under condition of low compensation. N I denotes the number of ionized scatterers and is equal to (p 1 ϩ p 2 ϩ2N D ) for the heavy holes and (2p 1 ϩp 2 ϩ2N D ) for the light holes. The mobility for each band is given by
where iϭ1,2 for the two bands. m ci are the conductivity masses for the two bands, and ͗͘ is the relaxation time average given by
The various energy averages were carried out using the Simpson's rule for numerical integration. 34 In general, the combined mobility for the two bands is given by
Further, it should be remembered that the use of Matthiesen's rule to find the effective mobility by adding the reciprocals of the partial mobilities is valid only if there is a single dominant scattering mechanism or if the various scattering mechanisms have the same energy dependence of the relaxation time. 35 Neither of these conditions is satisfied in p-GaSb. Hence it is necessary to use the following equation to find the average relaxation time:
͑18͒
where i is the relaxation time for the ith scattering mechanism. Due to interband and intraband scattering, the densityof-states effective masses for light and heavy holes have to be chosen appropriately for different scattering mechanisms. The intervalley scattering affects the mobility of light holes appreciably. Hence it drastically influences the low-field galvanomagnetic properties. Since a relatively large change in the wave vector k is required in interband scattering, this process need only be included in the acoustic and optical phonon scattering modes. Light holes, then, are scattered by phonons mainly into the heavy-hole band, since the latter band has a much greater density of states. Hence, in the phonon relaxation times, the heavy-hole mass is appropriate. For ionized impurity scattering, the respective heavy-or light-hole mass must be used, since intraband scattering predominates. The total relaxation time for heavy holes is thus obtained by adding the respective relaxation times of the four processes as discussed above, taking m d equal to the heavyhole density of states effective mass (m d2 ) signifying intraband scattering only. For the total relaxation time of the light holes, the individual relaxation times have been similarly added, taking m d ϭm d2 for the lattice scattering processes and m d1 for the ionized impurity scattering signifying interband and intraband scattering respectively. In Table II the material parameters used in the calculation are listed.
The partial mobilities for various scattering mechanisms along with the total mobility for the undoped and Tecompensated samples are shown in Figs. 6 and 7, respectively. As can be seen, there is good agreement between the theoretically calculated and experimentally measured effective mobilities at all temperatures. At low temperatures, the largest contribution to hole scattering comes from ionized impurities for both the samples. At room temperature, NPO, AC, and PO scatterings all make significant contributions for the undoped sample, whereas ionized impurity scattering is still dominant for the Te-compensated sample.
IV. CONCLUSIONS
In conclusion, we have investigated the transport properties of undoped and Te-compensated p-GaSb. From PL studies, an acceptor level related to a V Ga Ga Sb Te Sb complex at 740 meV has been seen. Also, with very low concentration of Te, a triple acceptor V Ga Ga Sb V Ga at 757 meV has been observed. The Hall data of Te-compensated GaSb with moderate doping levels have been analyzed by including the Terelated acceptor apart from the doubly ionizable native defect. Excellent agreement between the theoretically calculated and experimentally measured mobilities has been obtained. The present investigation provides concrete evidence of self compensation in GaSb. The importance of luminescence measurements to interpret Hall data unambiguously is demonstrated. Moreover, the knowledge of defect levels from luminescence studies simplifies the analysis of the Hall data.
